(See the editorial commentary by Brown and Weaver, on pages 211-2.)
variability include differences in relative prevalence of new partnerships at older ages, risk of HPV reactivation at older ages, and cohort effects.
The lack of a second increase in HPV prevalence at menopause in the United States [5, 6] suggests that older US women are not having a significant increase in new sex partnerships at menopause and are not at risk of HPV reactivation, assuming no influence of a cohort effect. To investigate whether these assertions were valid, we compared differences in recent and lifetime sexual behaviors, by age group, to investigate the presence of a cohort effect in an older screening population in Baltimore, Maryland, and its impact on HPV prevalence estimates.
METHODS

Study Population and Data Collection
Women were recruited from outpatient obstetrics-gynecology clinics in and around Baltimore from March 2008 through March 2011; all were attending the clinics for routine gynecological examination. Women were eligible to participate if they were aged 35-60 years, had an intact cervix, and were willing to provide informed consent. Women were not eligible for enrollment if they were pregnant, had plans to become pregnant, had a history of organ transplantation, or were known to be positive for human immunodeficiency virus.
After women provided informed consent, they completed a baseline questionnaire and gynecological examination. Information on sociodemographic characteristics, reproductive and menstrual history, hormonal and nonhormonal medication use, lifetime sexual history, and current sexual behavior were collected using a telephone-administered questionnaire. Data on cervical screening and treatment history were also collected during the interviews. A trained study physician or registered nurse conducted a speculum examination to collect a cervical brush specimen for HPV DNA testing (Digene HPV sampler, Digene, United States) as part of the standardized study protocol. Cervical brushes were placed in standard transport medium, stored at 4°C for <24 hours, and vortexed, and cervical specimens were divided into aliquots and stored at −80°C. All study procedures were approved by the Johns Hopkins Bloomberg School of Public Health Institutional Review Board.
HPV Genotyping
DNA was extracted using the QIAamp DNA Blood Kit (Qiagen, France) and tested for the presence of genotypespecific HPV, using the Roche HPV Linear Array polymerase chain reaction-based assay (Roche Diagnostics, United States) according to a modified version of the manufacturer's instructions, as described elsewhere [7] [8] [9] .
Current Cervical Cytology Findings
Papanicolaou (Pap) smear cytology findings were not collected as part of the study protocol. Women provided signed consent to allow retrieval of their Pap smear results from the appropriate clinical cytopathology laboratories. The result of the Pap smear that was associated with study enrollment was abstracted from the cytopathology report onto a standardized case report form. Pap smear results were classified according to the most severe diagnosis, and for the purpose of this analysis, a cytology finding of atypical squamous cells of undetermined significance or worse was considered to be abnormal.
Estradiol and Progesterone Measurement
Serum estradiol and progesterone levels in a subset of women who provided serum samples at baseline were measured using a Meso Scale enzyme-linked immunosorbent assay (Meso Scale Discover, Gaithersburg, MD). The assay was validated against standard clinical chemistry measurements in a subset of 60 women, with Spearman ρ coefficients of 0.85 (P < .001) for estradiol level and 0.43 (P = .007) for progesterone level. Results were log-transformed to approximate a normal distribution.
Statistical Analysis
Of 885 women with a baseline interview, 3 had missing or insufficient HPV test results (based on lack of human betaglobin amplification). Other variables of interest that were missing data included marital status (n = 1), lifetime number of sex partners (n = 3), recent sexual behavior (n = 5), history of abnormal Pap smear findings (n = 10), and missing baseline cytology result (n = 21). Women with missing data for any of these variables were excluded from the present analysis, leaving a final analytic sample size of 843.
"Any HPV" was defined as positivity for ≥1 HPV type detectable by the Roche Linear Array test (36 individual genotypes and 1 subtype). Because these data are collected from a population participating in routine cervical cancer screening for which screening for high-risk (HR) HPV is recommended, we defined "HR-HPV" according to the standard pool of 14 genotypes (HPV 16, 18, 31, 33, 35, 39, 45 , 51, 52, 56, 58, 59, 66, and 68) detectable by the 3 Food and Drug Administration-approved assays used in the routine screening program. The association between HPV prevalence and other categorical variables was estimated using the Wald χ2 test. We used unconditional logistic regression to estimate odds ratios (ORs) as relative effect measures of the associations between HPV prevalence and age, recent sexual behavior, and lifetime number of sex partners. Multivariate models were developed using a combination of biological conceptual models and forward stepwise selection, retaining variables with a Wald P value of <.1. The association between age and presumptive reactivation is difficult to measure by means of cross-sectional observational designs, because there is no molecular marker available to distinguish newly acquired infection from persistently detectable or reactivated latent infection. However, as an indirect measure of this effect, we evaluated the difference in age-specific HPV prevalence in subgroups of women with low prior HPV infection probability and high prior HPV infection probability, defined as <5 and ≥5 lifetime sex partners, respectively. We reasoned that if HPV reactivation is associated with increasing age, as was proposed in previous literature, the risk would be conditioned on prior infection probability (eg, lifetime number of sex partners). Women were divided into age-based subgroups of 35-49 years and 50-60 years for further analysis of the relative impact of recent and lifetime number of sex partners in younger and older perimenopausal women. The biological validity of the bivariate age stratification was examined by comparing the serum estradiol and progesterone levels in a subset of women (607 of 843 [72%]) with an available blood sample at baseline. Supplementary Figure 1 demonstrates that the average levels of estradiol and progesterone begin to decline significantly in the group aged 50-54 years.
Interaction between age and lifetime number of sex partners (using binary categorization) was tested by comparing models with and models without the interaction term, using likelihood ratio statistics. The percentage population attributable risk was estimated as {[ pe*(OR-1)]/[ pe*(OR-1)+1]}*100, where OR is the unadjusted OR, and pe is the population exposure prevalence [10, 11] .
We developed simple models to evaluate the impact of the sexual revolution on age-specific HPV prevalence from 3 hypothetical cross-sectional surveys, conducted in 1998, 2008, and 2018. The details of this model are provided in Supplementary Table 1 . Table 1 represents the basic demographic and behavioral variables of the study population. The age of the study population was normally distributed within the eligible age range of 35-60 years, with a mean age (±SD) of 46.6 ± 6.7 years. The population was 74.3% white and 19.0% black, and the remaining women were Asian or another race. The majority of women in the population had at least a college degree (29.3% had a baccalaureate, and 29.8% had a postgraduate degree) and were married (63.4%). More than 90% of women reported a history of hormonal contraceptive use, and 22.1% were current users of hormonal contraceptives. Few women (8.3%) reported ever using hormone replacement therapy. All women reported a prior history of a Pap smear, 48.9% reported a history of an abnormal Pap smear finding, 21.5% reported a history of colposcopy, and 19.2% reported a history of treatment for cervical intraepithelial neoplasia (CIN). Few women (4.7%) reported a current cytological abnormality [12] .
RESULTS
The age-specific patterns of both recent and lifetime sexual behaviors are summarized in Figure 1 . A trend was observed of a higher lifetime number of sex partners among younger women (P = .009 for trend). Few women (2.9%) reported having a new sex partner in the past 6 months, and those reporting new partners tended to be younger. Report of no sexual activity in the past 6 months increased with increasing age, from 12.2% in the youngest age group to 33.3% in the oldest age group (P < .001 for trend).
The age-specific HPV prevalence proportions for any HPV and for HR-HPV are summarized in Figure 2 . Both any HPV and HR-HPV prevalence proportions decreased with increasing age (P = .002 and P<.001 for trend, respectively). Exclusion of the 24 women with a recent new sex partner did not change these trends.
Any HPV and HR-HPV prevalence proportions were higher among women reporting a higher lifetime number of sex partners, with a threshold observed between 4 and 5 lifetime sex partners (Table 2 ). HPV prevalence was higher among the 24 women reporting a recent new sex partner (OR for any HPV, 11.5 [95% confidence interval {CI}, 4.5-29.5]); OR for HR-HPV, 12.5 [95% CI, 4.7-33.2]) but not among sexually active women with a nonnew partner (OR for any HPV, 1.3 [95% CI, .8-2.0]; OR for HR-HPV, 1.0 [95% CI, .5-1.9]), compared with the prevalence among sexually abstinent women.
The prevalence proportions of both any HPV and HR-HPV declined with increasing age among women with <5 lifetime sex partners ( Figure 3A and 3B, respectively). Among women at presumed higher risk of HPV reactivation (ie, those reporting ≥5 lifetime sex partners), the prevalence proportions of any HPV and HR-HPV declined during ages 35-40 years. The prevalence increased again during ages 40-54 years and decreased among women aged 55-60 years. To control for possible birth cohort differences in past infection probability as a function of the lifetime number of sex partners, we examined the relative difference in HPV prevalence between women with ≥5 lifetime sex partners and women with <5 lifetime sex partners, by age, excluding the 24 women reporting a recent new sex partner. Figure 3C shows that the relative difference in HPV prevalence among the women with a higher lifetime number of sex partners increased with increasing age, compared with women with a lower probability of prior infection. The interaction between age (35-49 years vs 50-60 years) and lifetime number of sex partners (<5 vs ≥5) was modest for any HPV prevalence (likelihood ratio P = .14) and was statistically significant for HR-HPV prevalence (likelihood ratio P = .01), after adjustment for recent sexual behavior, marital status, history of colposcopy, and current cytological abnormality (data not shown).
Stratification by ages 35-49 years and 50-60 years revealed an increased odds of both any HPV and HR-HPV in both age groups among women reporting a recent new sex partner, compared with women having no new sex partners, although the difference was not statistically significant in the older age group (Table 3 ). The odds of HPV detection among women reporting >5 lifetime sex partners was modestly elevated in the younger age group (OR for any HPV, 1.9 [95% CI, 1.2-2.0]; OR for HR-HPV, 1.5 [95% CI, .8-2.7]), whereas the odds of HPV detection among women reporting >5 lifetime sex partners was higher in the older age group (OR for any HPV, 4.0 [95% CI, 1.9-8.7]; OR for HR-HPV, 13.4 [95% CI, 1.7-102.8]). Because of the low prevalence of self-report of a new sex partnership in the 6 months prior to study enrollment, the population attributable risk due to new partners was low, with findings of 27.9% for any HPV and 28.0% for HR-HPV among the younger women and only 1.8% and 7.7%, respectively, among the older women. The percentage population attributable risk of HPV from having >5 lifetime sex partners was 37.0% for any HPV and 28.0% for HR-HPV among the younger women and 62.3% and 87.2%, respectively, among the older women.
In models that assume no risk of reactivation at older ages and decreasing sexual activity with increasing age, the differences in cumulative HPV prevalence by birth cohort would not be predicted to affect the shape of the age-specific HPV prevalence over 3 successive, 10-year HPV prevalence surveys (Figure 4, model A) . However, models that include an age-associated increased risk of reactivation would result in marked differences in the shape of the age-specific HPV prevalence curves over the same 20 years (Figure 4, model B) , and the increase in HPV prevalence at older ages would not be predicted to be evident in the United States for another 10-15 years because of masking from the cohort effect of the sexual revolution.
DISCUSSION
We show evidence of an interaction between age and lifetime number of sex partners on prevalent HPV detection that is consistent with an age-associated increased risk of HPV reactivation. The older women in our study, who experienced sexual debut at the beginning of the US sexual revolution of the 1960s and 1970s, had a lower lifetime risk of HPV infection, as demonstrated by a lower self-reported lifetime number of sex partners. When we stratified by the lifetime number of sex partners as a crude measure of past probability of HPV infection (and thus risk of reactivation), HPV prevalence declined with age only among the women with <5 lifetime sex partners. The population attributable risk estimates for ≥5 lifetime sex partners were higher among women aged 50-60 years, compared with women aged 35-49 years. The relative prevalence of HPV was high among women with a new sex partner in the past 6 months, compared with the prevalence among women who did not report a new partner, but this exposure was rare, and the population attributable risk was low, especially for the older women. Taken together, our data raise the possibility that reactivation risk may increase around age 50 years and contribute to a larger fraction of HPV detection at older ages, compared with new acquisition.
The sexual revolution was associated with increased frequency of premarital sex, decreased age of sexual debut [13] , and increased rates of several sexually transmitted infections [14] . For example, the number of reported cases of gonorrhea in the United States increased 3.6-fold, from approximately 125 cases/ 100 000 in 1965 to 450 cases/100 000 in 1975 [15] . HPV seroprevalence in the United States shows an early peak during the second decade (women 20-29 years), with a slow decline among older women [16] . While the decline in HPV seroprevalence at older ages could reflect waning immunity with age, models of a similar age-specific HPV seroprevalence curve in the United Kingdom have demonstrated better fit with cohortspecific changes in cumulative HPV exposure rather than with waning immunity [17] . The increasing incidence trend of nonscreen-detectable HPV-associated cancers (ie, vulvar [18] , anal [19] , and oropharyngeal [20] cancers) among birth cohorts who were likely to have reached sexual debut during or after the sexual revolution further supports the impact of the sexual revolution on the population period prevalence of HPV. The likelihood that a 2-fold increase in sexually transmitted infections (including HPV infection) in the population between 1965 and 1975 could mask an age-associated increase in HPV reactivation was evaluated using simple models. If a doubling of the cumulative lifetime numbers of HPV infections between 1965 and 1975 is assumed, the age-specific HPV prevalence observed in the US surveys [5, 6, 21, 22] could be observed under assumptions of both (1) a consistent decline in HPV with increasing age and (2) an increase in HPV prevalence due to reactivation at older ages within each birth cohort. We note that our observation of a smooth and continuous decline in HPV prevalence among women at low risk of reactivation because of low prior exposure is consistent with model A, which assumes no reactivation with age. On the other hand, the slight increase in HPV prevalence with age, followed by a sharp decrease at 55 years of age among women at highest risk of reactivation, is consistent with the 2008 prediction in age-specific HPV prevalence in model B, which includes an age-specific increase in reactivation. The residual cohort effects predicted from a 2008-2010 survey in model B, in addition to the imperfection of lifetime number of sex partners as a marker of prior infection probability, likely explains why we do not see an absolute increase in HPV prevalence with age, even after stratification by lifetime number of sex partners. However, the relative increase in HPV prevalence between women with high and those with low numbers of lifetime sex partners increased steadily with age, supporting the possibility that HPV reactivation increases at older ages.
Others have speculated that higher HPV prevalence at older ages represents changes in sexual behaviors in the fifth and sixth decades of life, presumably reflecting an increase in divorce rates and new partnerships [23, 24] . In our population, we find little evidence to support this; in fact, report of a new sex partner decreased with increasing age, and the population attributable risk due to a new sex partner was <10% among women aged >50 years.
The clinical implications of an increase in perimenopausal and postmenopausal HPV prevalence are unclear. Since new sex partnerships explained a minority of prevalent HPV infections among older women, prophylactic vaccination would be unlikely to provide significant benefit, as suggested by others [23, 24] . While some studies suggest that newly detected HPV DNA in older women has no greater risk of CIN2+, compared with newly detected HPV DNA in younger women, the average follow-up time in these studies was short and may not have been sufficient to detect a second peak of disease among older women [25] . An additional concern is whether the early lesions that occur following reactivation in a menopausal woman would have been as readily detected by standard screening algorithms as such lesions in premenopausal women, since the cells at highest risk of transformationthose in the squamocolumnar junction-have receded into the endocervical canal at menopause. This concern is consistent with reports of a higher frequency of CIN2+ diagnosis by endocervical curettage only among older women [26, 27] and with the observation that older women are more likely to have [28] . Given the limitations in screening and diagnostic test performance for menopausal women [12, 29, 30] , an increase in HPV reactivation at older ages may be predicted to result in an increased proportion of invasive cervical cancer among well-screened women, rather than an increase in CIN2/3. Such a trend has been reported in a large screening population in Hong Kong, where a second peak of HPV prevalence and invasive cervical cancer incidence but not of CIN2/3 incidence was observed at older ages [31] .
Our cohort was recruited from a well-screened population of women presenting for routine gynecological care in Baltimore. Although we cannot generalize our findings to the larger US population, we believe that this population is representative of perimenopausal women who are being routinely screened for cervical cancer in the United States. We cannot determine whether HPV detected at baseline in our study was new, reactivated, or persistently detectable prior to enrollment, and thus our inferences support, rather than prove, our hypothesis. We are also unable to determine why HPV reactivation may increase among women aged >50 years, although previous studies have shown lower levels of biomarkers of cellular immune responsiveness among HPV-positive women older than 45 years [32] . In addition, several studies have characterized general systemic changes in immune response to vaccine and infection [33] , effects that may be further exacerbated in women because of menopausal hormone changes [34] . Our observation that the relative increase in HPV prevalence among women with a higher past infection probability began at the age in which serum sex hormone levels begin to decline warrants more investigation into the possible role of sex steroid hormones on immunological control of HPV infection. . Model A assumes no risk of reactivation with increasing age, and model B assumes an age-specific increase in reactivation similar to the observed U-shaped HPV prevalence in Morelos, Mexico [38] .
In summary, we propose that the cohort effect of the sexual revolution in the United States is masking an increase in HPV prevalence at older ages, which may be secondary to reactivation of "latent" infection. Further follow-up of the HPV in Perimenopause cohort and national surveillance data will be required to confirm this hypothesis. Although the existence of HPV latency remains contentious, it must be acknowledged that the risk of reactivation would be proportionate to the prevalence of prior HPV infection [35] . Because this risk is unlikely to be uniform across populations (eg, birth cohorts), appropriate measures for risk stratification are needed to evaluate associations between factors such as age and risk of reactivation. Inclusion of biomarkers of depressed or skewed immunity [7, 32] will be important in understanding whether HPV reactivation at older ages is explained by loss of immunologic control of latent HPV infection. The evidence evaluated in recent revisions to screening guidelines [36, 37] is derived from populations of older women with a substantially lower risk of HPV reactivation. Long-term follow-up of previously highly exposed women who will transition through menopause in the next decade is urgently needed to accurately estimate the potential risk of postmenopausal invasive cervical cancer in the US baby boom population and guide prevention strategies.
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